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Abstract
The multilayer relaxations of Al(100) and Al(110) surface are studied using the plane wave ab initio pseudopotential
method within the local density functional theory. Our calculations show that the surface relaxation of Al(100) is an
‘anomalous’ outward relaxation, which is in excellent agreement with experimental results, although several previous
empirical and semi-empirical theoretical studies have predicted contractions that are contrary to the experiments. For the
Al(110) surface, our calculations do show inward relaxation, which is consistent with LEED experiments and other
theoretical calculations. The origin of ‘inward’ and ‘outward’ relaxation is discussed. The surface energy is also studied in
this work.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction measurements have been performed on surface relax-
ation of fcc metals [1–18]. In experimental measure-
Knowledge of the geometrical arrangement of the ments, low energy electron diffraction (LEED) is the
atoms near the surface is a basic ingredient for the main tool for investigating surface relaxation [4,11–
study of structural and dynamic properties of a metal 14], while in theoretical calculations, empirical and
surface. Recent studies of the structure of open metal semi-empirical methods [1,6,7,9,16,17] as well as
surfaces have revealed the existence of relaxation first principle calculations [3,5,15,19] have been
phenomena extending several layers into the solid performed to determine the surface structure and
[1]. The study of this phenomenon has proved to be surface energy. However, some drawbacks in semi-
a useful testing ground for the refinement of ex- empirical methods such as effective-crystal theory
perimental methods of structure determination and (ECT) [7], effective medium theory [9] and embed-
for the development of quantitative theories of ded atom methods (EAM) [6] have been found in
surface electronic and geometrical structure [2]. calculating surface relaxation and stress. For exam-
Many theoretical calculations and experimental ple, the surface stress values obtained using the
semi-empirical potentials are usually significantly
smaller than those obtained by first-principle calcula-*Corresponding author. Tel.: 165-874-26-13; fax: 165-777-61-
tions. These semi-empirical methods tend to predict26.
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‘anomalous’ surfaces of Al(100) [4], Al(111) an 83831 Monkhorst-Pack mesh. Our total energy
[6,7,20,21], Pt(111) [22,23] and Cu(111) [24], which calculations are based on slab geometry in which
clearly show outward relaxation from experimental multiple surfaces are presented. The top view of the
measurements. Therefore, the calculated surface Al(100) and Al(110) surfaces are showed in Fig. 1.
stress for these relaxed surfaces are not sufficiently The supercell contains nine (or 11) layers of Al and a
˚reliable by conventional semi-empirical methods. It vacuum layer of thickness |8.5 A. The slab is fully
has been suggested that the normal semi-empirical relaxed by the Hellman–Feynmann (H–F) force
methods lack the microscopic detail in the descrip- method and the criterion is for the H–F force to be
23 21tion of the electronic structure [1]. Therefore, careful less than 0.5310 Ry au .
calculations from first-principle methods are still
needed to understand both the normal inward and
‘anomalous’ outward surface relaxations.
In this work, we have used plane wave ab initio 3. Results
pseudopotential method within the local density
functional (LDF) theory to calculate the multilayer 3.1. Surface relaxation
relaxation of the Al(100) and Al(110) surfaces.
Firstly, we have performed calculations on bulk
fcc Al metal. The equilibrium lattice constant is
˚2. Method of calculation determined to be 7.46 au (about 3.95 A), which is
consistent with a recent first principle pseudo-
˚Our calculations are performed with the plane potential result [3] of 3.96 A at cutoff energy of 11
˚wave ab initio pseudopotential method within the Ry, and an experimental result of 4.02 A at 0 K [27].
local density functional (LDF) theory. The Hedin- Then slab calculations are performed for the Al(100)
Lundqvist [25] form of the exchange-correlation and Al(110) surfaces.
potential and a mixed basis representation are em- The results of the surface multilayer relaxation for
ployed. Non-local norm-conserving pseudopotentials these surfaces are listed in Tables 1 and 2, respec-
are created according to the prescription of Hamann tively, together with experimental data and results by
et al. [26]. The wave functions are expanded into other theoretical methods. In both tables, Dd is thenm
plane waves up to a cutoff energy of 12.5 Ry. The k percentage change in the interlayer spacing between
integration over the Brillouin zone is performed on layer n and layer m as compared to the bulk (ideal)
Fig. 1. Top view of the (100) and (110) surfaces of Al.
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Table 1
Comparison of experimental and theoretical surface structure of Al(100)
Theory or Relaxation (%) Method Reference
experiment number
Dd Dd Dd Dd12 23 34 45
Present study 1.89 4.12 2.96 2.94 Ab initio
(nine layers) pseudopotential
Experiment 1.8 [4]
Theory 0.79 0.06 0.01 0.00 MEAM [1]
1.2 0.2 20.1 FP [5]
24.9 22.24 22.25 22.39 EAM [6]
24.8 2.3 ECT [7]
,0 SEGF [8]
2162 SEGF [10]
23 Effective-medium theory [9]
interlayer spacing. We will first discuss Al(100) calculations [1,5–9]. The experimental result shows
surface, followed by the Al(110) surface. an 1.8% outward relaxation for the Al(100) surface
It is well known that the surface relaxation as reported by Davis et al. [4], while several semi-
behavior at an fcc metal surface is multifarious and empirical theoretical calculations yielded inward
complex. Although most surfaces of fcc metals show relaxations. For example, a 23% inward relaxation
inward relaxation, there are a few surfaces that show is predicted by the effective-medium theory [9],
‘anomalous’ outward relaxation, Al(100) surface 24.8% by ECT [7] and 24.9% by EAM [6].
being a typical example along with several others Moreover, the surface-embedded Green’s function
such as Al(111), Pt(111) and Cu(111). There have (SEGF) theory too gave inward relaxations [8,10].
been several previous studies on relaxation of the All these results are clearly in conflict with the
Al(100) surface by experiment [4] as well as with experimental data. In contrast, our calculations show
different levels of sophistication in the theoretical an outward surface relaxation of 11.89% which
Table 2
Comparison of experimental and theoretical surface structure of Al(110)
Theory or Relaxation (%) Method Reference
experiment number
Dd Dd Dd Dd12 23 34 45
Present study 27.68 5.15 20.85 3.21 Ab initio
(11 layers) pseudopotential
Experiment 28.561.0 5.561.1 2.261.3 LEED [11]
28.660.8 5.061.1 21.661.2 1.061.3 LEED (100 K) [12]
28.4 4.9 21.6 LEED [13]
26.9 4.1 23.7 1.7 LEED (70 K) [14]
Theory 26.1 5.5 22.2 1.7 FP (8 layers) [3]
27.4 3.8 22.5 2.0 FP (15 layers) [3]
29.64 2.71 4.30 22.76 MEAM [1]
210.47 3.64 22.93 21.45 EAM [16]
29.1 1.3 ECT [17]
211 SEGF [10]
210.4 3.14 22.75 1.4 FP [19]
26.8 3.5 22.4 1.6 FP [15]
210 4 23 Self-consistent [18]
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compares well with that from another previous first between 4.1 and 5.5%. For Dd , some LEED34
principle (FP) method of 1.2% by Bohnen and Ho experiments show contraction such as 23.7% [14]
[5], and in qualitatively agreement with the modified and 21.6% [12,13], while another available LEED
embedded atom method (MEAM) of 0.79%. To experiment shows an expansion of 2.2% [11]. The
check whether the outward relaxation is program only available experiments both show expansion of
(code) dependent, we use another ab initio pseudo- the 4th layer, i.e. Dd 51.7% [14] and 1.061.3%45
potential code [28] to calculate the multilayer relaxa- [12]. Previous theoretical studies show the usual
tion of Al(100) and Al(110) surface. We get behavior found for most metals, i.e. inward relaxa-
11.98% for outward relaxation of Al(100) surface, tion of the topmost layer, and our calculations also
which confirms our above results and indicates that yield the result. The value of Dd 525.08% (for12
the outward relaxation is program-independent. Our the nine-layer slab) in this work is slightly smaller
results also show that there is large expansion of the than experimental data and the other calculations.
second layer (beneath the topmost layer) and that the But there is significant improvement by increasing
expansion of the layers decreases with depth. This the slab to 11 layers, giving Dd 527.68%, Dd 512 23
phenomenon is due to the effect of multilayer 5.15%, Dd 520.85% and Dd 53.21%. Using34 45
relaxation. We note that in the surface-embedded another code [28], we get the Dd 528.95%,12
Green’s function (SEGF) calculation [8], only the Dd 52.46%, Dd 520.90% and Dd 52.18%.23 34 45
outermost layer has been allowed to relax while the This trend of relaxation (oscillatory relaxations) as a
subsurface interlayer spacings have been fixed, lead- function of layers (from surface to bulk) is generally
ing to the negative relaxation of the Al(100) surface. found in experimental observations [12–14] and
Thus inclusion of the effect of multilayer relaxations other FP calculations [3].
would probably resolve the contradictions between
results obtained by SEGF with experimental data and
those of FP calculations. However, it is very difficult 3.2. Surface energy
to explain the origin of inward relaxation for the
22˚other non-FP methods. Table 3 compares our surface energy (eV A )
For the Al(110) surface, most of the experimental calculations with results from other methods as well
data from LEED [11–14] show the same trends as as experiments for the Al(100) and Al(110) surfaces
can be seen from Table 2. The inward relaxation of in relaxed and unrelaxed states. It can be seen that
Al(110) surface Dd range from 26.9 to 28.6%, the surface energy decreases for both Al(100) and12
and the expansion of the second layer Dd range is Al(110) due to relaxation. The change is 0.0041 eV23
Table 3
Surface energy for Al(100) and Al(110) surface
22˚Methods Surface energy (eV A )
(100) surface (110) surface
Unrelaxed Relaxed Unrelaxed Relaxed
This work 0.0713 0.0672 0.0748 0.0740




EXP (polycrystalline) 0.0712 [34]
0.0737 [34]
0.0749 [35]
a The original data is 0.7760.02 (eV/surface atom).
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22˚ Table 4A for Al(100) while for Al(110) it is 0.0008 eV
a22 Calculated forces on atomic layers in the unrelaxed geometryÅ . The values obtained from our calculations for
21Layer Force (mRy au )the relaxed surfaces agree rather well with ex-
perimental measurements. However, the comparison (100) unrelaxed (110) unrelaxed
cannot be made directly since the experimental
1 6.518 26.943
results are obtained from polycrystalline materials. It 2 5.986 10.767
appears that our ab initio pseudopotential calcula- a Positive value indicates direction of force is towards the
tions yield results that are slightly larger than those surface. Negative value indicates force is directed into the bulk.
by the semi-empirical MEAM [1], while being
consistent with previous FP results [15]. One also
finds that the surface energy of the Al(110) surface is
larger than that of the Al(100) surface, as suggested Al(100) and Al(110), respectively, we have calcu-
22˚by our current study (difference of 0.0068 eV A ) lated the interplanar forces for the unrelaxed and
22˚and from MEAM (0.0029 eV A ) [1]. relaxed geometries. The results are listed in Table 4.
One can find that the force on the topmost layer of
Al(100) is positive (toward surface) and drives the
4. Discussion expansion, while that of Al(110) is negative (toward
bulk) and drives the contraction.
There are several ways to explain why the topmost An analysis of the electron density at the Al
layer shows inward relaxation [1,29]: (i) when one surface will help us to explain the behaviour of
cuts a crystal to form a surface, the electronic charge expansion and contraction. The respective charge
density relaxes so as to weaken its corrugation. The densities of the Al(100) and Al(110) slabs have been
smoothing of the electron charge density reduces plotted along the z axis (from bulk to vacuum) in
kinetic energy and results in the shift of electrons Fig. 2. For Al(110), the electron density at the region
toward the surface. This attracts the positive ion between the first and second atomic layers increases
cores closer to the rest of the crystal. (ii) Based on after relaxation as indicated by the arrow in Fig. 2b,
effective-medium theory (EMT) of metallic bonding while for Al(100) the electron density decreases as
[30–33], when a crystal is truncated to form a indicated by the arrow in Fig. 2a,. This suggests an
surface, the surface atoms which have lost electron increased ‘back-bonding’ of the topmost layer to the
density tend to move in such a way as to return to second layer occurs in Al(110) while the reverse
the optimal electron density and thus move toward seems to take place in Al(100) resulting in the
the rest of crystal. (iii) The third explanation for expansion. This decrease of the charge density in
topmost-layer contraction is that it is a natural between the top two Al layers coupled by the
consequence of the bond-order-bond-length correla- increase of the charge density in the vacuum region
tion. Here the operative principle is saturation of near the surface is possibly the origin of the outward
valence. Every atom has a fixed number of valence relaxation of the Al(100) surface.
electrons. If a surface is formed, the surface atoms
lose several neighbors. The electrons that are in-
volved in bonding to these neighbors therefore
redistribute themselves nearer (i.e. ‘back-bonding’) 5. Conclusion
to the atoms in the layer below. This strengthens the
bond between the first and second atomic layers, thus In conclusion, we have used an ab initio pseudo-
it leads to an inward relaxation. potential method to study the multilayer relaxation of
In this work, we find the Al(110) surface displays Al(100) and Al(110). Our calculations show that the
normal inward relaxation, while Al(100) surface surface relaxation of Al(100) is an ‘anomalous’
shows the ‘anomalous’ outward relaxation. To gain outward relaxation, while that of Al(110) is an
better understanding of the physical mechanism inward relaxation, which are in excellent agreement
behind the ‘outward’ or ‘inward’ relaxations for with experimental results.
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